The European Union's ambition to achieve near-total decarbonisation by 2050 suggests a large role for carbon capture and storage, requiring the transport (mostly by pipeline) of CO 2 from source facilities to appropriate sites for geological storage. Here, a network modelling approach is used to test the scale, structure and estimated costs of an integrated European CO 2 transport network for different amounts of CCS deployment. Models are optimised with the sole objective of creating the least cost pipeline network that joins all sources to sufficient storage for a 25 year period of operation, and assume no restrictions on trans-boundary transport of CO 2 , or due to topographical constraints. Results show that extensive CO 2 pipeline networks are required to deliver the CCS contribution to decarbonisation. Sufficient storage is available but is distributed such that even for low jamie.stewart@ed.ac.uk 2 levels of CCS deployment, both offshore storage and trans-boundary transport of CO 2 are needed. Scenarios are run to test pipeline infrastructure requirements should onshore CO 2 storage not be permitted, giving an estimated increase in CO 2 transport infrastructure cost of 10-30% (€3-7 billion). Scenarios examining the effect of removing the more speculative storage potential in the Baltic, close to central and eastern European CO 2 source clusters, reinforce the need to experimentally validate theoretical storage capacity estimates especially in the Baltic and North Sea.
Introduction
The deployment of Carbon Capture and Storage (CCS) is expected to be a core component of measures to enable significant reductions in CO 2 Compared with the capture and storage elements of the CCS chain, CO 2 transport presents both the least technically challenging and least costly component. 2 However, as storage capacity is not evenly distributed, with some EU Member States relatively undersupplied relative to others ( Figure 1 ) developing an integrated network, of appropriate capacity and at the correct time presents a considerable logistical challenge requiring guidance and planning. As a result, a number of CO 2 source -CO 2 storage matching and CO 2 transport infrastructure modelling exercises have been undertaken in both European macro-regions e.g. the North Sea area 3 , and across the EU [4] [5] [6] Here, we present results and analysis building on a foundation of network modelling work to investigate Europe-wide CO 2 . This includes examining the difference in pipeline layout and costs should public concerns restrict CO 2 storage to offshore locations, and presents a new scenario examining the impact of Baltic Sea storage availability on the structure of CO 2 pipeline infrastructure. The implications of the findings for policy-makers are discussed.
Methods

Assessing European CO 2 storage capacity
Although most estimates of CO 2 emissions from large point sources.
Around half (52%) of the total storage is located in the UK and Norway North Sea, the major part in saline aquifers offshore Scotland ( Figure 2 ). However, potential capacity does not necessarily make it viable or available for CO 2 storage. Commercial evaluation must include specific geological suitability, practical accessibility, competition for hydrocarbon activities or geothermal heat, and public acceptance of CO 2 storage.
Plans for onshore CO 2 storage in Europe have in many cases met with considerable public opposition. Reasons include health and property-value concerns resulting from a combination of poor communication, mistrust of government and commercial actors, and a lack of perceived benefit to the affected communities. 11, 12 In the Netherlands, Austria, and Germany public opposition has resulted in legislation preventing or severely restricting onshore CO 2 storage. 13 While loss of onshore storage (around 25% of the EU's total storage capacity) doesn't prevent sufficient quantities of storage being available for large levels of CCS deployment, it potentially has major implications for the design of CO 2 transport networks.
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As with other large scale studies undertaken by multiple actors, the precise methodology (e.g. in the resolution of structures included and the pore-space filling efficiency) of the different national estimates made within GeoCapacity varies between EU Member States.
Here, the GeoCapacity dataset was augmented with the addition of more detailed data from a number of regional studies (Scottish offshore;
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Ireland; 15 
Forecasting future CCS deployment
Power plants burning fossil fuels produce 54% of EU electricity supply, 17 21 were analysed to give broad coverage of the range of different energy systems and corresponding degrees of CCS deployment envisaged. These were amalgamated and combined with details on current and planned industrial emission sources and used to develop three (low, medium, high) CCS deployment scenarios for both 2030 and 2050, reflecting the wide range of predicted levels of CCS deployment.
These CCS deployment scenarios cover a range of 50 Mt (low), 120Mt (medium) and 350Mt (high) of CO 2 captured per year in 2030, and 280Mt (low), 600Mt (medium) and 800Mt (high) of CO 2 per year in 2050. Here, the proprietary commercial model used extensively by ARUP for optimising water and gas pipeline networks, phone lines and electric grids is used to model source to store CO 2 pipeline routeing. The fully functioning hydraulic model (based on ACOASs) allows use of both small diameter 'gathering systems' and large diameter 'trunk mains' to identify the least cost scenario for transporting the required quantities of CO 2 between sources and storage. Although in the process industry where security of supply is jamie.stewart@ed.ac.uk paramount, ring mains are used, here due to the significant cost saving (thought to be up to half the cost) and the potential to vent or locally store CO 2 in the event of a pipeline breakage, trunk mains are considered to be sufficient.
Modelling Method
The costing equation used within the algorithm does not impose any limit to pipeline sizes. It is assumed that for notional pipe diameters larger than those typically constructed, twinned pipes could be constructed at similar costs. Considering this, a range of pipeline diameters from 1 to >80 inches are modelled to accommodate different flow rates. Although the pipe cost equations used do not account for system design pressure, a standardised flow velocity of 2.77m/s was used. This was assumed to ensure surge pressures remained below the short term over pressure limits of the pipeline and that erosion, losses and wear are kept to a minimum. The optimisation algorithm used within the Arup proprietary model uses 'minimum total network cost' (total in €) as its objective function, while matching all input sources to a sink of sufficient capacity for a minimum capacity of 25 years of continuous operation. The optimisation used can be described as 'near optimal' as only a solution within 5-10% of the least cost solution was found. It is thought that this 5-10% sub-optimality is however suitable given the scope of the work.
Better optimisation is possible from the algorithm given a longer project duration and scope.
A number of assumptions are made to make the process manageable. No restrictions on the selected optimal routes are made by the presence of other infrastructure or population centres, topography is assumed flat and unbroken by waterways, and the complexity of transiting national boundaries is not considered. The possibility of CO 2 shipping as an alternative transport method, for instance connecting isolated coastal sources with distant storage is not included. The relative practicality of developing one storage site over another and possible rate of injectivity limitations 4 is not considered.
As such, the results presented below should be considered as indicative of the scale, general layout and corresponding costs of possible CO 2 pipeline network developments required for different levels of CCS deployment, rather than identifying specific pipeline routes or connecting specific sources to specific storage.
Results
Twelve different CO 2 transport demand scenarios are analysed: low, medium, and high CCS deployment with and without onshore storage availability (6 scenarios) for 2030, and the same for 2050. These results do not seek to determine exact pipeline pathways but instead to inform on their overall structure. Germany. This is also where most of the requirement for trans-boundary transport (with associated legal and planning complexity) is seen, with CO 2 moving between Germany, Belgium, the Netherlands, Luxembourg and Denmark. Figure 5 shows the results when storage is restricted to offshore sites. These scenarios contrast strongly with the both on-and-offshore storage available results above. All levels of CCS deployment require trans-EU CO 2 It also makes a strong case for a degree of strategic oversizing or, given that capital investment of double capacity might prove difficult to justify without certain return, designing trunk routes with additional wayleave space to enable straightforward parallel expansion. While seemingly large, the overall pipeline lengths and capacities calculated are an order of magnitude lower than that of the EU's current natural gas transport network (144,000km) 24 suggesting that deployment at this scale is technically achievable.
All storage available
Offshore storage only
Assessing the importance of developing Baltic storage
As a region less explored and developed by the hydrocarbons industry than the North Sea, the potential CO 2 storage capacity of the Baltic is less well-established. 25 Projects such as the BASTOR project 26 are currently undertaking more detailed preliminary analysis of potential Baltic subsurface storage targets.
Here, we undertake a model run for the 2050 high CCS deployment scenario in which the option of CO 2 storage in the Baltic is removed. In this scenario, shown in costs between these two scenarios (€2 billion) is discussed below. estimates by around half as much (40-65%) again. Lastly, with no offshore storage available in the Baltic, the 2050 high deployment scenario requires larger diameter pipeline to accommodate sources in central and eastern Europe in pipeline accessing storage in the North Sea (Figure 8 ). This results in a 10% total cost increase of an additional €2 billion giving a total of network cost of €21,824 million over the high deployment all offshore storage available scenario.
Estimated costs of CO 2 transport infrastructure
Discussion
Comparison with other CO2 transport studies
The results presented here broadly corroborate those of other EU CO 2 transport scenario studies, 3,5,6,27 producing similar pipeline routes and pipeline network locations. This is largely to be expected as used inputs of source and storage locations derived from similar sources to those used here. However, none of these studies include the possibility of Overall, the similarities between the results of these studies present a compelling need for strategic EU CO 2 transport planning. All show that even with all onshore storage available, offshore storage is still vital to accommodating the expected volumes of CO 2 , and all require at least some trans-boundary movement of CO 2 between Member States.
Should onshore storage options be heavily restricted, all studies agree that trans-EU pipeline networks encompassing multiple Member States are required to access sufficient offshore storage. Further, for both on and offshore storage, all highlight the need to connect the industrial sources of western Germany to the North Sea through Belgium and the Netherlands (see additional discussion below).
Implications for achieving CCS deployment
Compared to the expected investment costs for CO 2 capture and (to a lesser extent) storage facilities, the predicted cost of CO 2 transportation is a relatively small. 28 The costs presented here are those for basic materials, and do not include costs associated with processes such as planning and land-access, and possible re-routing of other infrastructure. However, even assuming the modelled estimates are a significant underestimation of real-world costs, the ~€10-20 billion cost of a pipeline network capable of transporting hundreds of millions of tonnes of CO 2 per year, is much smaller than the many tens of billions of € that would need investing in the deployment of CO 2 capture and storage facilities.
The primary issue therefore, is less one of technical or cost constraints, but of predicting the scale and timing of any deployment such that appropriate transport infrastructure can be planned and built. 2 Here, the prescient example is the US, where initial CO 2 pipeline taking CO 2 from natural sources to oilfields undergoing CO 2 -Enhanced Oil Recovery (EOR) has provided a basis to develop growing (approaching 6000km total) pipeline networks linking CO 2 captured from gas processing and other facilities to meet demand from EOR activity III . By contrast, excepting a few cases where existing redundant natural gas pipeline might be re-used IV , the EU is reliant on early CCS projects to establish initial transport and storage infrastructure, adding both expense and complexity. planning and the expectation that CCS will be required. 31 A recent study into planned gas power plant in the EU found that many were unlikely to be located in sites which would enable efficient (geographically close) connection to promising storage locations.
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In the light of this, should significant CCS deployment in the 2020s and 2030s still be desired, a number of smaller scale strategic interventions should be considered in the immediate future. This includes the identification and creation of 'priority corridors' as 'projects of common interest' for CO 2 pipeline as suggested in the European Commission's Energy Infrastructure Package. 33 As illustrated by these and other EU CO 2 transport network study results, some pipeline corridors seem likely to be used in all CCS deployment scenarios. The most compelling are those connecting source clusters in western Germany to storage either in or offshore of the Netherlands. Here, there is a strong case to undertake a more detailed examination of possible pipeline (or indeed shipping) V routes, potential coordination with other energy infrastructure, and the legal V The potential for transporting CO 2 using barges on the Rhine and Meuse has been explored by studies such as https://www.globalccsinstitute.com/sites/default/files/publications/25491/co2-liquid-logisticsshipping-concept.pdf and regulatory frameworks that would be required including bi-or multi-lateral negotiations enabling the transfer of CO 2 between these territories.
In terms of the planning of future sources -the results highlight the structures necessary for connecting sources distant to viable (existing or permitted) storage. The current 'CCS readiness' feasibility requirements focus primarily on allowing for the integration of CO 2 capture equipment -consideration of the realities of connecting a source to storage should be given more attention. This is especially the case in Member States in which policy suggests that onshore storage might not be allowed -such that implementation on CCS depends on action elsewhere to provide access to storage.
Lastly, we suggest that confirmation of the storage potential of major saline aquifers, especially in the Baltic region, should receive a high priority. Fossil fuels are likely to remain the major source of generation in central and eastern Europe so establishing the viability and capacity of Baltic formations is essential to planning CCS deployment in the region. Such activity is likely too speculative to be undertaken solely by industry -EU Member State Governments and industry need to actively work together to undertake these strategic investigations to allow both political and commercial choices to be appropriately informed.
Conclusions
Least-cost optimised modelling of the pipeline capacity and layout that would be needed to connect expected CO 2 point sources to CO 2 storage shows that extensive CO 2 pipeline networks will be required by both low and high levels of CCS deployment if CCS is used to help deliver the EUs climate mitigation ambitions. Here, assuming that achieving the overall least-cost prevails over other considerations the calculated networks are found to be around an order of magnitude less in overall length to the present natural gas distribution network. Sufficient storage is available but is distributed in such a way that even for low levels of CCS deployment, the modelled networks require both offshore storage and trans-boundary transport of CO 2 . While larger capacity networks able to support high levels of CCS deployment are more expensive, they are more cost efficient in terms of capital outlay per tonne of CO 2 transported. In all the scenarios explored, common pipeline corridors are identified suggesting that forward thinking planning should consider oversizing of some early pipeline wayleaves to enable efficient future capacity expansion.
There is significant financial value (€3-7 billion) in gaining acceptance of at least some onshore CO 2 storage, but offshore storage capacity is sufficient to meet demand.
Rejection of onshore storage due to public concern considerably increases the length of CO 2 pipeline networks and their expected capital cost. However, some of the output networks suggests trans-EU pipeline to connect isolated source clusters to very distant offshore storage. Here, we suggest that subsequent analyses should explore mixes of on and offshore storage permissions in different Member States, examine the potential to relocate some CO 2 sources closer to (offshore) storage, and consider the inclusion of the potential to deploy CO 2 shipping (both at sea and on major waterways) to compliment pipeline.
Overall, these results strongly suggest that it is vital that storage exploration and appraisals of potential major storage locations in saline aquifers in the North Sea, Baltic and elsewhere are started immediately to accurately inform government and industry on storage destination options. Furthermore, EU wide coordination of CO 2 transport planning, as well as resolution of legal issues surrounding trans-boundary transport and liability are essential to establish industry confidence and enable the delivery of CCS consistent with the EU's emissions abatement ambitions.
